Objective: To explore the feasibility of 3D printed customized guides assisting the precise drilling of Kirschner wires in subtalar joint arthrodesis.
Introduction
T he subtalar joint is an important weight-bearing joint in the foot and ankle. Local pain of the subtalar joint, limping, and varus or valgus deformity may occur when there is extensive damage of the articular cartilage in the subtalar joint due to trauma, degeneration, or other reasons. Patients with mild symptoms or a shorter duration (<6 months) can be cured conservatively, such as with braces, rest, and topical or oral painkillers. However, surgical treatment is needed when those conservative treatments fail. Because the subtalar joint is the amphiarthrodial joint and there is currently no ideal prosthesis for subtalar joint arthroplasty, subtalar joint arthrodesis is a reliable and effective operative strategy for end-stage subtalar disorder [1] [2] [3] [4] [5] [6] . The key point for this procedure is the precise position of the fixation screws 1, 7 . Internal fixation with cannulated screws is the most frequently used fixation method for subtalar joint arthrodesis. Accurate drilling of the Kirschner wire is the prerequisite for ensuring the satisfactory position of the screw. After the anatomical reduction of the subtalar joint and with the posterior malleolus kept in the functional position, the surgeon percutaneously drills the Kirschner wire to temporarily fix the position for subtalar joint arthrodesis, and then determines whether the position of the Kirschner wire is satisfactory by C-arm fluoroscopy. The Kirschner wire needs to avoid entering the ankle surface or neurovascular injury. The cannulated screw that goes through the Kirschner wire should be supported by bone of sufficient strength to achieve firm fixation. Traditionally, the drilling of the Kirschner wire is dependent on bony anatomical marks and previous experience of surgeons. C-arm fluoroscopy is frequently used during the operation to confirm the position of the wires, which would not only extend the operation time but also increase the intraoperative radiation. The application of customized guides that are highly matched with the patients' anatomical morphology are emerging as a new strategy to achieve the accurate drilling of Kirschner wire and address the above concerns. 3D printing technology is a new rapid prototyping technology, but its medical application is well developed [8] [9] [10] [11] . However, few have reported on the use of 3D-printed customized guides to improve the efficacy of subtalar joint arthrodesis.
In this study, we utilize the bony anatomical morphology from the patients' CT scans to manufacture customized guides for subtalar joint arthrodesis. The aim of our preliminary study is: (i) to investigate the efficacy of 3D-printed customized guides; (ii) to clarify the safety of the 3D-printed customized guides; and (iii) to provide reference for the promotion and application of this technology.
Materials and Methods

Inclusion and Exclusion Criteria
The inclusion criteria were: (i) patients were primarily diagnosed as having traumatic, degenerative or rheumatoid subtalar arthritis; (ii) weight-bearing radiograph of the lateral view showed narrow space in the subtalar joint, or Short-TI Inversion Recovery (STIR) MRI suggested osteoarthritis (OA) in the subtalar joint; (iii) the treatment for the patient was subtalar joint arthrodesis; (iv) outcomes are drilling time of the Kirschner wires to the correct position, subtalar fusion time, American Orthopaedic Foot & Ankle Society (AOFAS) scores and complications; and (v) retrospective study.
The exclusion criteria were: (i) obvious degeneration in ankle or talonavicular joint; (ii) complications of ischemic necrosis of the talus; (iii) abnormality of lower extremity muscle strength; (iv) subtalar joint tuberculosis, infection, tumor, or Charcot joint disease; (v) multiple joints that required arthrodesis; (vi) obvious coagulation abnormality; (vii) skin and soft tissue infections; and (viii) the subtalar joint was not painful after 3 months of conservative treatment.
Participants
We retrospectively reviewed the medical data of patients who underwent subtalar joint arthrodesis between 1 July 2013 and 31 December 2017 in our center. A total of 29 patients were enrolled, including 13 men and 16 women.
One case had bilateral lesions in the subtalar joint, which was operated on separately; the rest were unilateral lesions. All operations were performed by the same senior surgeon. Patients were divided into two operative groups: a customized guide group (experimental group) and a traditional method group (control group).
All procedures performed in studies involving human participants were in accordance with the ethical standards of the institutional and/or national research committee and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards. The research was registered on www.clinicaltrials.gov (NCT03152916). Informed consent was obtained from all individual participants included in the study.
Preoperative Examination of Images
Routine radiographs of anteroposterior, lateral, and posterior views of the subtalar joint in standing position were taken to assess the alignments and subtalar joint space. MRI of the subtalar joint was routinely performed using Artoscan C (0.2T, Esaote, Italy) to assess cartilage and bone conditions, and whether there was manifestation of OA in the adjacent ankle and talonavicular joint. Usually the STIR MRI revealed high signal intensity of edema in tissues on both sides of the subtalar joint.
Preoperative radiographs suggested narrow joint space and forming of osteophyte. Preoperative MRI suggested subtalar joint degeneration; edema near the articular surface of the calcaneus and talus; and subtalar joint effusion, sometimes accompanied by bone defects.
Preoperative Preparation of Customized Guide
Three-dimensional thin-layer CT scan (Siemens, Germany) of the subtalar joint was routinely performed, and the CT scan slice thickness was 1 mm. The Digital Imaging and Communications in Medicine (DICM) data was extracted and imported into the Model Intestinal Microflora in Computer Simulation (MIMICS) software to reconstruct the 3D data of the subtalar joint and its surrounding bone and soft tissue. The MIMICS-reconstructed data was imported into the 3D design software SIEMENS NX (Siemens PLM Software, Germany) to design the guides for subtalar joint arthrodesis. The guide consisted of two parts. One was the calcaneal guide plate, which was prepared based on the patient's anatomy of calcaneus; it was highly conformed to the surface morphology of calcaneus and had positioning holes for Kirschner wire drilling. The other one was the positioner that could determine the position of the Kirschner wire ( Fig. 1) .
The data of the designed guides were converted into STL format and imported into a 3D printer (Model: UP BOX, Tiertime, China) for printing. Polylactic acid (Tiertime, China) was used as a raw material. The customized guides for subtalar joint arthrodesis ( Fig. 2) were printed, sealed, and sterilized with ethylene oxide for intraoperative use.
Operative Techniques
Anesthesia and Position
Nerve block anesthesia, epidural anesthesia, or general anesthesia were conducted for all patients. Patients were positioned in the semilateral decubitus position with a thigh tourniquet. The hip on the affected side was moderately elevated, allowing a slightly internal rotation of the lower extremity to the operating table. After routine sterilization and draping, the arteria dorsalis pedis was marked out on the skin with a marker. The tourniquet pressure was 280-300 mmHg. The contralateral lower limb lay flat on the operating table. The position of the patient must facilitate the intraoperative fluoroscopy.
Approach and Exposure
The incision was marked, which was usually a sinus tarsi incision below the lateral malleolus. A curvilinear incision of 5-6 cm was marked toward the base of the fourth metatarsal. The skin, subcutaneous tissue, and articular capsule were incised layer by layer. When incising the articular capsule, care must be taken to not injure the peroneal tendons by pulling it posteriorly and distally with a retractor. After removing the fat in the sinus tarsi area, a lamina spreader was placed into the subtalar joint.
Pathological Changes and Resection
Articular cartilage defects and synovial hyperplasia were observed during the surgery. All cartilage of the posterior facets in the subtalar joint must be scraped using a curette. A 1.5-mm Kirschner wire was used to drill in the fusion facet to facilitate the penetration of bone marrow. After flushing the subtalar joint, an appropriate amount of allograft cancellous bone can be implanted in the posterior facet of the subtalar joint. Then the laminar spreader can be removed and the subtalar joint can be reset to the functional position.
Fixation
According to Coughlin et al., we used two cannulated screws to fix the subtalar joint in this series 12 . The position of the screws was guided by two 2.0-mm Kirschner wires that were already in satisfactory position. The first Kirschner wire often passed through the superior calcaneal tuberosity, the posterior articular surface of the subtalar joint, then the talar neck. The second Kirschner wire often passed through the medial side of the talar neck and calcaneus. With the help of the 3D-printed positioner, the precise position of the Kirschner wires could be easily determined and marked. Attention should be paid to avoid the arteria dorsalis pedis. The control group drilled in the Kirschner wires without any guides, just relying on the positioning mark on the skin surface as well as the experience of the surgeon. C-arm fluoroscopy was applied to confirm that the subtalar joint was ideally reset and the Kirschner wires were passed through satisfactorily. Then the incision was moderately enlarged for screw insertion, and two cannulated screws of 7.5 mm in diameter (General Care, China) were inserted through the Kirschner wires. Before the end of the operation, C-arm fluoroscopy was used to confirm the length of the screws. The articular capsule and subcutaneous tissue were closed layer by layer. All incisions were interruptedly sutured with nylon sutures. Plaster cast below the knee joint was used for immobilization.
Postoperative Treatment
The patients received intravenous antibiotics for 24 h according to the instructions. The operated limb was elevated after the operation. Early exercise without weightbearing was acceptable, such as quadriceps contraction and leg lifting, to prevent muscle atrophy and lower extremity thrombosis. The stitches were taken out 2 weeks postoperatively; the plaster immobilization was continued and was taken off 6 weeks postoperatively when radiographs showed bony callus growth; weight-bearing walking could be conducted with the protection of walking boots (Aircast, USA) for 4-6 weeks. Patients were evaluated clinically and radiographically until union was achieved or the diagnosis of nonunion was established by CT. Clinically, fusion was defined by subtalar joint stability without any symptoms. Radiographically, fusion was defined as obliteration of the subtalar joint space with the presence of crossing trabeculae. CT criteria for fusion was consolidation of at least 50% of the posterior facet of the subtalar joint. All suspected cases of delayed union or nonunion were evaluated by CT. If union was confirmed via radiographs, the patients could walk with full weight-bearing. The AOFAS scores of the patients were obtained preoperatively and at 1 year postoperatively.
Outcome Measures
Kirschner Wire Drilling Drilling time of the Kirschner wires to the correct position was recorded during the surgery to investigate efficacy of the guides in shortening surgery time and reducing intraoperative fluoroscopy times.
Subtalar Fusion Time
Radiographic examinations were conducted in the regular follow-ups to record the union time of the patients.
American Orthopaedic Foot & Ankle Society scores and Complications
The AOFAS scores before and after surgery and the occurrence complications postoperatively were also recorded to evaluate the efficacy and safety of the guides.
Statistical Methods
The continuous variances are presented as mean AE SD and statistical analysis was performed using SPSS 13.0 (SPSS, Chicago, IL, US). A two-sided Student's t-test was used to compare the drilling time of Kirschner wires, the union time, and AOFAS scores between the two groups. Significance was determined as P < 0.05.
Results
General Results
The 3D-printed customized guides based on patients' subtalar joint CT data were successfully manufactured. There were no significant differences in age, course of disease, and preoperative AOFAS scores between the two groups. All 29 patients were followed for 1.8 AE 0.7 years (range, 1-3 years).
Drilling Time of the Kirschner Wires
In the experimental group, only 2 cases required re-drilling of the Kirschner wire and it took 2.1 AE 0.7 min to drill the Kirschner wire to the satisfactory position; the reason the Kirschner wire in these 2 cases needed to be re-drilled was mainly due to the insufficient strength of the guide that led to deviation. In the control group, 8 cases required re-drilling of the Kirschner wire and the mean time was 4.6 AE 1.9 min (P < 0.05). 
Subtalar Fusion Time and American Orthopaedic Foot & Ankle Society Scores
Postoperative radiograph confirmed union in all cases. The union time of the two groups was 13-14 weeks. No significant difference was observed in subtalar fusion time and AOFAS scores at 1 year postoperatively between the two groups (P > 0.05). The AOFAS scores of the two groups had significant differences compared with those before surgery.
Complications
There was no neurovascular injury or other complications (such as poor wound healing, infection, or deep vein thrombosis of the lower extremities) in both groups. The comparative study of the two groups is shown in Table 1 .
Typical Cases
Case 1
A 51-year-old man was admitted to the hospital because of "traumatic right subtalar pain associated with limitation of motion for 2 years." Conservative treatment in another hospital failed. Preoperative diagnosis was right calcaneal fracture malunion with secondary traumatic subtalar arthritis. We manufactured the 3D-printed customized guide for him and conducted subtalar joint arthrodesis with the help of the guide (Fig. 3) . The patient's AOFAS score increased from 65 points preoperatively to 95 points 1 year postoperatively.
Case 2
A 74-year old woman was admitted to the hospital because of "right ankle pain due to ankle sprain and limitation of motion for 1 year". She was diagnosed as having "right subtalar joint traumatic arthritis, osteoporosis". We manufactured the 3D-printed customized guide according to her ankle joint CT data and conducted right subtalar joint arthrodesis with the help of the guide. The Kirschner wire was drilled with the aid of the guide; the cannulated screws were inserted after the position of the wires and were confirmed by C-arm fluoroscopy. Radiographic reexamination at 3 months postoperatively showed that the subtalar bony fusion was achieved (Fig. 4) .
Case 3
A 46-year-old woman was admitted to the hospital because of "left ankle pain for more than 27 years, exacerbated for more than 2 years". She was diagnosed with "left subtalar joint severe OA". A 3D image was obtained from ankle joint CT data, and a customized guide was designed. The patient underwent arthroscopic left subtalar arthrodesis. The Kirschner wire was drilled with the aid of the 3D-printed guide, and the cannulated screw was inserted. Radiographic re-examination at 3 months postoperatively showed that subtalar bony fusion was achieved (Fig. 5 ).
Discussion
S ubtalar arthrodesis has been considered the most successful method for treating calcaneal malunion, traumatic subtalar arthritis, primary OA, rheumatoid arthritis, and hindfoot deformity, with low incidence of complications 1, [13] [14] [15] [16] . The operative techniques of subtalar arthrodesis are as follows: (i) Selection of incision: When performing in situ arthrodesis, selecting the sinus tarsi incision [16] [17] [18] [19] ; when performing distraction arthrodesis, selecting the lateral malleolus incision. (ii) Exposure of joint space: The lamina spreader is inserted into the joint space and then gradually enlarged to allow better visualization of the joint space 1, 16, 20, 21 ; if it is difficult to enter the subtalar joint space, positioning with the help of C-arm fluoroscopy is necessary. (iii) Fixation method: Cannulated screw is still the dominant method for fixation 1, 5, 16 . Jastifer et al. showed that two unparalleled screws could achieve the strongest mechanical stability, and the strength of three screws was greater than two 7, 22, 23 . For patients with uncollapsed subtalar articular surfaces, it does not seem particularly important for bone grafting 24 , but for cases with subtalar joint collapse, the distraction of posterior subtalar joint and bone grafting is important 1, 25 . To insert the cannulated screw in satisfactory position, the Kirschner wire needs to be drilled in the ideal position 4 . Previously, surgeons have usually drilled the wire according to their experience, and frequently used the C-arm fluoroscopy to confirm whether the position of the wires was satisfactory; if not, drilling would be redone. This leads to prolonged operative time and increased intraoperative radiation, which is harmful for both surgeons and patients. 3D printing technology has brought new hope for achieving precise drilling of Kirschner wires. The application of 3D printing technology in orthopaedic surgery is developing rapidly and has been successfully used in many medical fields, such as for clearer 3D demonstration of disease and operation plans for doctor-patient communication [26] [27] [28] [29] ; for preparation of a large amount of customized casts and insoles 30 ; manufacture of guides that are highly matched with the anatomy of the patient, which facilitates the positioning of implants and reduces the operation time 31 ; and printing of customized metal implants to improve operative outcomes 32, 33 . To prepare the customized guides, we need to first collect the CT data of the patient to conduct the 3D image reconstruction. The engineer must fully understand the purpose of the operation so that the guides can be successfully manufactured according to the surgeon's plan, thus conducting a simplified and effective operation [34] [35] [36] [37] [38] [39] [40] [41] [42] . The manufactured guide should be sterilized before surgery. This study suggests that 3D-printed customized guides designed and manufactured based on patients' CT data can simplify the key operative procedures without compromising the outcome 41 . This is a recommended technique, especially for inexperienced surgeons. The use of customized guides could reduce the trauma of the operation, shorten the operation time, and reduce the frequency of using C-arm fluoroscopy during surgery, thus reducing the adverse effects of intraoperative radiation. There were still two cases in the experimental group where the position of the Kirschner wires was re-adjusted and re-drilled. The reason may be that the rigidity of the guides made by polylactic acid was insufficient. If they were made of hard metal, the probability of error would be reduced.
There are still some limitations in this study. Because CT scans need to be conducted to prepare the 3D-printed guides, the medical costs will increase. In addition, this study is a retrospective case study, not a prospective randomized controlled study; the number of cases and participating research units in the study are limited. Future multi-center prospective randomized controlled studies need to be conducted to overcome these deficiencies.
